Cooperation between species is regularly observed in nature, but understanding of 2 what promotes, maintains and strengthens these relationships is limited. We used a 3 phylogenetically controlled design to investigate one potential driver in reef-building corals: 4 variation in symbiont transmission mode. Two of three species pairs conformed to theoretical 5 predictions stating that vertical transmission (VT) should maximize whole-organism fitness. patterns between VT and HT corals was not explained by differences in Symbiodinium 14 communities among species; however, reproductive mode may play a role as both M. 15 aequituburculata and P. lobata transmit symbionts transovarially whereas G. archelia broods 16 larvae. Taken together, transmission mode may be an important driver of symbiosis evolution 17 in some corals, but additional evolutionary mechanisms should be investigated.
INTRODUCTION 24
Inter-species cooperation has played a fundamental role in the evolution and 25 diversification of life [1] [2] [3] [4] . A continuum of relationships can be found in nature, ranging 26 from fleeting facultative interactions, such as cleaner wrasse and their reef-fish clientele [5] 27 to life-long partnerships, as in Rhizobium-legume symbioses [6] , to fully integrated 28 organelles, like mitochondria and chloroplasts within eukaryotic cells [7] . Yet despite 29 pervasive examples across all taxonomic levels, surprisingly little is known about the factors 30 that promote increased integration of inter-species partnerships and natural experimental 31 systems for studying evolutionary transitions among cooperative states are lacking [8, 9] .
32
Despite the positive connotation of "cooperative", these relationships are better 33 defined as a spectrum that ranges from negative parasitic interactions to mutually beneficial 34 symbioses, both within the context of a focal inter-species interaction and when comparing 35 relationships across taxa [10] [11] [12] [13] . One factor predicted to influence the level of cooperation 36 between partners is the mode of symbiont transmission [14, 15] . Two transmission modes 37 predominate: symbionts can be acquired horizontally from the local environment, usually 38 during a defined larval stage, or vertically from parents, typically through the maternal germ 39 line (reviewed in [16] ). Virulence theory suggests that horizontal transmission allows 40 symbionts to adopt selfish strategies, potentially harmful to the host [17] . A transition from 41 horizontal to vertical transmission is predicted to align the reproductive interests of partners sensitivity of the coral-dinoflagellate symbiosis to environmental stress [34, 35] . However, 73 there is substantial variation in both intra-and inter-specific bleaching thresholds [36] , 74 suggesting that levels of cooperation between host and symbiont may also vary. Significant 75 work has gone into investigating coral bleaching over the past three decades, yet fundamental 76 questions remain unresolved [37] . For example, five different hypotheses exist concerning 77 the cellular mechanisms causing symbionts to be lost or ejected from host tissues and there is 78 no consensus with respect to their relative importance during natural bleaching events [38] . A were drawn from the same or sister genera and replicate comparisons from more distantly 92 related clades [39, 40] . Species also represented a diversity of reproductive modes (e.g. (Tunze, Germany) with flow-through filtered seawater (FSW, ~25 liters/hour) at 27°C with a 12:12 light/dark cycle, peaking at 130-160 µM PAR at midday. Tanks were cleaned daily.
120
Beginning on 7 May, at 20 mins before dark every day, corals were fed Artemia naupli at a 121 density of 1-1.5 naupli/5ml and rotifers at a density of 1-3/ml.
(b) Experimental Conditions and Physiological Trait Measurements

123
Beginning on 28 May 2015, effective quantum yield of Symbiodinium photosystem II 124 (EQY) was measured daily for all experimental fragments using a pulse amplitude modulated 125 fluorometer (diving-PAM, Waltz) fitted with a plastic fibre optic cable (Fig. S1 ).
126
Measurements were made using factory settings with a measuring intensity of 12 and a gain 127 of 5 and taken at peak light intensity. EQY values were used to set the final sampling time 128 point, where a decline reflects an impact on the photosynthetic condition of the Symbiodinium
129
[43], indicating onset of the coral bleaching response.
130
On 31 May 2015, temperatures in the heat treatment tanks were increased at a rate of 131 1°C per day until temperatures reached 31°C (day 4, Fig S2) . Sample time points occurred on 132 day 2 (29°C, 1 Jun), day 4 (31°C, 3 Jun) and day 17 (31°C, 16 Jun, Fig S2) heat) in place of the normal afternoon feed (1-1.5 naupli/5ml and 1-1.5 rotifers/ml).
177
Aquarium pumps were turned off for one hour and water flow was turned off for two hours to within and among species pairs, OTU data were fit to a model incorporating a fixed effect of 245 performance (categorized as 'high' or 'low' fitness within each pair, e.g. Fig. 2) . 
255
(ii) Goniopora columna and Porites lobata 256 Trait patterns in G. columna and P. lobata were highly similar to the M. Fig 2E, Fig. S5 ). Thermal tolerance, however, was significantly greater in P. lobata 265 when compared to G. columna (Tukey's HSD<0.05, Fig. 2F ). 
272
In bleaching panels, 'heat<ctrl' indicates a significant effect of temperature treatment (P<0.05), independent of 273 transmission mode. Stars indicate significant difference between species pairs (*<0.05, **<0.01, ***<0.001). (Fig. 2I) .
280
. Symbiodinium densities did not differ between these species (R 2 GLMM =0.51, Fig 3A) .
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A. millepora (HT) received more photosynthetically fixed carbon from its symbionts than M. Fig 3C) . 
(ii) Goniopora columna and Porites lobata Fig 3G) . G. archelia symbionts tended to share more carbon with their hosts, 306 but this trend was not significant (R 2 GLMM =0.49, P=0.1, Fig 3H) Fig 3I, Fig. S6 ). (Table S1 ). Symbiodinium communities varied among species (Fig. 4A ) and a 313 model comparing high performing (M. aequituberculata, P. lobata, G. astreata) and low 314 performing species (A. millepora, G. columna, G. archelia, Fig. 2) found no relationship 315 between observed fitness differences and changes in abundance of these OTUs.
316
In A. millepora, 86% of reads were accounted for by three major OTUs all matching 317 to clade C-type Symbiodinium, identified as variants of C1 (Fig. 4A) . M. aequituberculata 318 reads nearly all mapped to one of these same variants (C_BH34, 95%, Fig. 4A ). Reads were 319 .
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The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/067322 doi: bioRxiv preprint first posted online  similarly uniform in G. columna, with 94% mapping to the most common C1-type OTU 320 across samples (Fig. 4A) . In P. lobata, read diversity was more variable. 36% of reads 321 mapped to a C15-type OTU (Fig. 4A) OTUs, while 10% were identified as the most abundant clade D-type OTU, D1 (Fig. 4A) .
324
Reads from both Galaxea spp. predominantly mapped to the major C1-type OTU identified 325 across species (63% of G. astreata reads and 43% of G. archelia reads, Fig. 4A ) but these 326 species also contained major fractions of an OTU identified as a D1-type Symbiodinium (G. 
334
Significant differences in OTU abundance were detected between G. astreata and G. 335 archelia when individual coral samples were analysed (Fig. 4B,C) . For this sample set, 27
336
OTUs passed the abundance threshold, consisting of the same major OTUs identified in the 337 species pools and a few additional low abundance variants (<1% , Table S1 ). Of these, 23 338 showed significant differences in abundance between the two species (FDR<0.05). All of the 339 .
CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/067322 doi: bioRxiv preprint first posted online Aug. 2, 2016; significant D-type OTUs showed increased abundance in G. archelia relative to G. astreata 340 (11/11, Fig. 4B ) whereas the majority of C-type OTUs showed decreases (8/12, Fig. 4C ). The 341 most notable exception to the increased D/decreased C pattern was the second most abundant 342 C-type OTU across samples, C_BH34, which was elevated in G. archelia (Fig. 4C (Fig. 1) .
353
On average, trait patterns support theoretical predictions for the evolution of vertical 354 transmission (Fig. S7 ), but individual species pairs differ in their degree of conformity. Both and thermal tolerance, or greater holobiont fitness, than their HT counterparts ( Fig. 2A-F consistently out-performed by its HT relative, G. astreata (Fig. 2G-I Symbiodinium community composition in our six focal species (Fig. 4) but did not detect any 369 consistent differences that could explain differential performance in high vs. low fitness 370 species (Fig. 2) . The low-performing A. millepora and G. archelia did host more D-type
371
Symbiodinium than their paired counterparts, but so did P. lobata, the only species to exhibit 372 both elevated fitness and cooperation (Fig. 2,3,4) . The overall diversity of symbionts hosted 373 was also unrelated to fitness, as both the high performing M. aequituburculata and low 374 performing G. columna hosted highly homogenous communities, with a single OTU 375 comprising 94-95% of reads in each (Fig. 4A) . Taken together, these results support prior 376 observations that Symbiodinium community composition alone is not sufficient to explain 377 variation in coral fitness and that interactions with the host must also be considered [66] [67] [68] . 
388
. The disconnect between cooperation and fitness
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421
The role of cooperation, defined here as resource sharing between hosts and 422 symbionts, in determining fitness outcomes of horizontal and vertical transmitters also 423 requires additional study as patterns of host-symbiont cooperation did not necessarily match 424 fitness patterns across species pairs. Cooperation and fitness were aligned in P. lobata:
425
Symbiodinium densities were naturally lower (Fig. 3D) , suggesting reduced symbiont 426 virulence (sensu [23] ), while carbon sharing between partners was greater (Fig. 3E,F (Fig. 3B ) and a tendency towards reduced host to symbiont transfer (Fig. 3C) (Fig. 3A) . For Galaxea spp., Symbiodinium densities were also similar between species, but 432 symbiont to host carbon transfer tended to be greater in G. archelia, while host to symbiont 433 transfer was greater in G. astreata (Fig. 3G-I ).
434
Quantifying cooperation between symbiotic partners in terms of biologically realistic 435 costs and benefits remains an outstanding question for many symbioses [20] . The transfer of 436 photosynthetically fixed carbon has long been known as a major cooperative benefit to the All scripts and input files will be available on DRYAD upon manuscript acceptance.
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